Products obtained by partial depolymerization of pig mucosal heparin with nitrous acid were fractionated by affinity chromatography on immobilized antithrombin. A high affinity octasaccharide fraction was recovered and reduced with sodium [3H]borohydride, yielding terminal 2,5-anhydro-~-[l-~H]mannitol residues. Partial N-desulfation of this material by treatment with aqueous dimethylsulfoxide resulted in the formation of two distinct species, with low and medium affinity for antithrombin, respectively, in addition to components that retained a high affinity for the protein.
The low and medium affinity fragments were converted into high affinity components by sulfation of free amino groups; N-acetylation was without effect. The N-substituents on the 2 glucosamine units at positions 4 and 6 (the 3H-labeled end group being at position 8) were defined by gel chromatography of the 3H-labeled oligosaccharides released on selective deamination of Nsulfated or N-unsubstituted D-glucosamine residues. In the high affinity fraction, both glucosamine residues, at positions 4 and 6, respectively, were N-sulfated. The medium affinity fraction contained an N-sulfated glucosamine unit in position 4 and an N-unsubstituted unit in position 6. The low affinity components were either N-unsubstituted in both positions or N-unsubstituted in position 4 and N-sulfated in position 6. It is concluded that high affinity binding of heparin to antithrombin requires the presence of two consecutive N-sulfated glucosamine residues in specific positions of the antithrombin-binding sequence; loss of either one of these N-sulfate groups (with or without subsequent N-acetylation) results in a distinct, and appreciable, decrease in binding affinity (and in anticoagulant activity).
Heparin prevents the coagulation of blood by binding to antithrombin (also known in the literature as antithrombin 111). thereby accelerating the rate at which this protein inactivates the proteinases involved in the coagulation mechanism (1, 2) . Only a fraction of the molecules in heparin preparations binds with high affinity to antithrombin and this fraction accounts for most of the anticoagulant activity (3-5). The identification of the polysaccharide structure required for this high affinity binding has been the subject of numerous recent reports (6) (7) (8) (9) (10) . One approach to this problem has been to isolate oligosaccharides with high affinity for antithrombin following partial depolymerization of heparin. The octasaccharide shown in Fig. 1 represents the smallest such high affinity fragment obtainable by partial depolymerization of heparin with nitrous acid (9, 10). Studies on the functional significance of the various components within this octasaccharide sequence have been initiated. The results described in the present paper demonstrate that both N-sulfate groups (at positions 4 and 6, respectively, in Fig. 1 ) are required for high affinity binding of heparin to antithrombin.
MATERIALS AND METHODS
An antithrombin-binding heparin octasaccharide was isolated from pig intestinal mucosal heparin by a modification (9) of a procedure reported previously (8) . Briefly, heparin was partially depolymerized by treatment with nitrous acid a t -10°C for 35 min and the products were fractionated by affinity chromatography on antithrombin-Sepharose. Material eluting at 9 1 M NaCl was recovered and fractionated by gel chromatography on Sephadex G-50. The smallest components, corresponding to octasaccharides, were reduced with sodium ["HIborohydride and the labeled product (specific activity, 1.0 X IO5 cpm/ pg of uronic acid) was purified by affinity chromatography on antithrombin-Sepharose followed by gel chromatography on Sephadex G-50. Periodate oxidation of the final product followed by alkaline cleavage yielded a labeled pentasaccharide as the main product, indicating 2 consecutive sulfated L-iduronic acid residues, and hence 2 N-sulfated glucosamine units, between the terminal 2,5-anhydro-[:'H]mannitol residue and the periodate-susceptible uronic acid unit (see Fig. 1 and Ref. 8) .
Disaccharides and tetrasaccharides with the general structures hexuronosyl + 2.5-anhydromannose and hexuronosyl+ N-acetylglucosaminyl -+ hexuronosyl -+ 2,5-anhydromannose (0-sulfate groups are not indicated), respectively, were isolated after exhaustive deaminative cleavage of heparin with nitrous acid (8, 11) . Radioactivity was determined as described previously (12) . Gel chromatography was performed using a column (0.8 x 200 cm) of Sephadex G-25, eluted with 1 M NaCl. Affinity chromatography on antithrombin-Sepharose was carried out according to the procedure described by Laurent et al. (13) , adapted to a total gel volume of 3 ml.
Heparin fragments were N-desulfated by treatment at 5OoC with dimethylsulfoxide containing 5% water (14) . To achieve partial Ndesulfation, the reaction was interrupted after 45 or 75 s; additional experimental details are given in the legend to Fig. 3 . D-Glucosamine residues with unsubstituted amino groups were N-acetylated by reaction with acetic anhydride (15) or N-sulfated by reaction with trimethylamine-sulfurtrioxide complex (16).
Treatment of heparin-related saccharides with nitrous acid was performed according to two methods that will be referred to (by the pH of the reaction mixtures) as the pH 1.5 (17) and the pH 3.9 (17; Reaction B in Ref. 18) procedure, respectively.' Glucosamine residues with sulfated amino groups are attacked in the pH 1.5 but not in the ' The various types of deamination reactions are actually not properly defined solely by reference to the pH of the reaction mixtures (17). The pH 1.5 procedure and the pH 3.9 procedure refer to the reactions involving 0.33 M and 3.9 M nitrite, respectively, both a t room temperature, as shown in 
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pH 3.9 reaction, whereas glucosamine residues with unsubstituted amino groups behave in the reverse manner. Glucosamine units with acetylated amino groups are resistant to either reaction. Susceptible glucosamine residues are converted into 2,5-anhydromannose units, along with cleavage of the corresponding glucosaminidic linkages. Due to a side reaction (deaminative ring contraction), the cleavage process is not always quantitative (19) .
RESULTS
Strategy of the Investigation-Removal of N-sulfate groups from heparin leads to loss of anticoagulant activity (20-22) and it therefore seems reasonable to assume that such groups are essential to the binding of heparin to antithrombin. The aim of the present study was to locate such essential N-sulfate groups in the antithrombin-binding sequence of the polysaccharide. This sequence is contained within an isolated octasaccharide fragment, which thus represents 4 glucosamine units of the intact polymer (Fig. 1) . However, only three of these units retain their N-substituents; the glucosamine residue corresponding to position 8 loses its amino group and is converted into a terminal anhydromannose unit during degradation of the polysaccharide with nitrous acid. Furthermore, one of the remaining glucosamine units, at position 2, is preferentially N-acetylated (7, 8) . The problem of locating the N-sulfate groups that are essential for the binding of heparin to antithrombin may therefore be reduced to the question as to whether both or only one of the N-sulfate groups a t positions 4 and 6, respectively, are involved. This question was approached as follows. Octasaccharides with high affinity for antithrombin and with 'H-labeled 2,5-anhydromannitol end groups were subjected to partial N-desulfation, and the products were fractionated with regard to affinity for antithrombin. Loss of affinity was correlated to loss of N-sulfate groups by structural characterization of the fractions separated by affinity chromatography. The distribution of N-sulfated and N-unsubstituted glucosamine residues was deduced from the molecular size of the 3H-labeled oligosaccharides released from the octasaccharides by selective deamination with nitrous acid. The procedure is schematically illustrated in Fig. 2 . Cleavage was induced either a t N-unsubstituted glucosamine residues (pH 3.9 procedure) or, after acetyl blocking of free amino groups, at N-sulfated glucosamine residues (pH 1.5 procedure), and the products were separated by gel chromatography. Only components containing the initial end group "H-label would register in the chromatograms. As seen from Fig. 2 and Table I , the combined information obtained by the two degradation procedures will allow the discrimination between all possible combinations of N-substituents on the 2 glucosamine residues located a t positions 4 and 6, respectively.
Affinity Chromatography of Partially N-Desulfated Antithrombin-binding Heparin Fragment-'H-labeled antithrombin-binding octasaccharide was partially N-desulfated as described in the legend to Fig. 3 and was then subjected to affinity chromatography on antithrombin-Sepharose. While Schematic representation of the analytical procedure. A 3H-labeled antithrombin-binding heparin octasaccharide is subjected to partial N-desulfation. A hypothetical product, isolated by affinity chromatography, is degraded with nitrous acid, either at pH 3.9 or, following N-acetylation, at pH 1.5. The size of the labeled oligosaccharides formed is determined by gel chromatography. The symbols used are:
, glucosamine residue (X denoting the substituent on the amino group; sulfate, acetyl, or none, as indicated); U, hexuronic acid residue; -A, 2,5-anhydromannose residue; -A, 2,5-anhydr0[1-~H]mannitol residue. The particular desulfation product shown will release a labeled disaccharide on deamination at pH 3.9 and a labeled tetrasaccharide at pH 1.5; see Table I for products obtained with other combinations of N-substituents.
the intact fragment emerged as a single peak at about 1.4 M NaCl concentration (Fig. 3A) , the modified material separated into three fractions (Fig. 3B) . Part of the material, with low affinity for antithrombin, was either not absorbed or eluted at low ionic strength. A fraction of medium affinity eluted as a distinct peak a t about 0.6 M NaCl, whereas a high affinity fraction retained the same affinity for antithrombin as the starting material. Prolonging the reaction with dimethylsulfoxide from 45 to 75 s led to a decrease in the high affinity fraction and a corresponding increase in the low affinity fraction; the medium affinity fraction was essentially unchanged. Each of the three fractions retained its elution position on rechromatography. N-Acetylating the modified fragments prior to chromatography did not significantly affect the elution patterns (not shown).
N-Sulfation of the same material restored the initial high affinity for antithrombin (Fig. 3C) , demonstrating that the lack of such affinity following dimethylsulfoxide treatment was indeed due to loss of Nsulfate groups.
Structural Characterization of Fractions-Deamination of the high, medium, and low affinity fractions with nitrous acid at pH 3.9 gave the results shown in Fig. 4 . The high affinity fraction did not release any low molecular weight labeled components (Fig. 4A) , suggesting that the 2 glucosamine residues located at positions 4 and 6, respectively, were both N-sulfated (see Table I ). In contrast, both the medium and the low affinity fractions were degraded by the nitrous acid treatment, yielding labeled disaccharide (Fig. 4B) and a mixture of di-and tetrasaccharide (Fig. 4 0 , respectively, as degradation products. The amount of disaccharide released from the low affinity fraction increased with increasing extent of N-desulfation. The formation of disaccharides indicates that essentially all medium affinity components and a proportion of the low affinity molecules contained an N-unsubstituted glucosamine residue at position 6. The fairly large yield of labeled tetrasaccharide from the low affinity fraction further suggests that a significant proportion of these molecules contained an N-unsubstituted glucosamine residue at position 4, in combination with an N-sulfate group at position 6. For N-desulfation, the material (4 X IO6 cpm) was converted into the pyridinium salt and was then dissolved in 0.1 ml of dimethylsulfoxide containing 5% water. After heating the solution at 50°C for 45 s, the reaction was terminated by the addition of 0.1 ml of 0.2 mM NaOH in 1 M NaCI. The products were recovered by passage through a column of Sephadex G-15, eluted with 10% ethanol and were then separated by affinity chromatography (B). The two peaks of the low affinity fraction differ only slightly with regard to affinity for antithrombin; the more retarded peak can be eliminated by increasing the initial NaCl concentration of the elution buffer from 0.05 to 0.1 M. After Ndesulfation for 45 s ( B ) the low, medium, and high affinity fractions constituted 56, 8, and 35%, respectively, of the total labeled material. Increasing the reaction period to 75 s did not affect the elution positions of the individual peaks; however, the distribution of material (19) .
between the low, medium, and high affinity fractions was changed to 83, 10, and 3%, respectively. The three fractions were pooled as indicated by the horizontal bars, desalted by passage through columns of Sephadex (3-15, eluted with 10% ethanol, and analyzed as described in the text. Fig. 4 . The major component derived from the medium aftinity fraction ( B ) eluted somewhat ahead of the tetrasaccharide standard. However, this difference was apparently due to the high 0-sulfate content of the material, demonstrable by paper electrophoresis; the elution pattern of the completely desulfated medium affinity oligosaccharide was similar to that of a hyaluronic acid tetrasaccharide (not shown).
These conclusions were confirmed and extended in another set of experiments in which the octasaccharides were degraded with nitrous acid, under conditions (pH 1.5) resulting in cleavage at N-sulfated glucosamine residues. T o ensure maximal specificity, the three fractions (high, medium, and low affinity) of partially N-desulfated octasaccharide were N-acetylated prior to deamination. The resulting gel chromatography patterns were distinctly different from those observed after deamination at pH 3.9, and also clearly distinguished the three fractions from each other (Fig. 5) . The labeled component released from the high affinity fraction was essentially disaccharide (Fig. 5A) , whereas that derived from the medium affinity fraction was tetrasaccharide (Fig. 5B) . The low affinity fraction yielded two peaks, corresponding to disaccharide and octasaccharide, respectively (Fig. 512) . Taken together with the results of deamination at pH 3.9, these cleavage products provide the information required to define the N-substituents, in each fraction, of the 2 disaccharide units adjacent to the terminal 2,5-anhydro['H]mannitol residue ( Table 11 ). As seen from Table I , an octasaccharide fragment with an N-sulfate group at position 6 should yield a labeled disaccharide on deamination at pH 1.5. The release of such disaccharide from the high affinity fraction is thus in agreement with the results of deamination at pH 3.9, indicating N-sulfate groups both at position 4 and at position 6. Conversely, the lack of labeled disaccharide following deamination of the medium affinity fraction at pH 1.5 reflects the lack of N-substituent at position 6; the tetrasaccharide formed from the same material shows that the N-unsubstituted glucosamine residue at position 6 is followed by an N-sulfated unit at position 4. The labeled disaccharide liberated from the low affinity fraction at pH 1.5 was presumably derived from the same octasaccharide sequences (with N-sulfate groups at position 6 but not a t position 4) that released labeled tetrasaccharide on deamination at pH 3.9. The remaining low affinity sequences resisted deamination at pH 1.5, indicating that the low affinity molecules lacking N-substituent at position 6 were also N-unsubstituted at position 4.
DISCUSSION
Two principally different procedures have been employed in attempts to elucidate the structure of the antithrombinbinding sequence of the heparin molecule. Rosenberg and coworkers separated heparin into fractions of high and low affinity for antithrombin, respectively, and then searched for structural differences by comparing the products obtained on exhaustive deaminative cleavage with nitrous acid (6, 7). A tetrasaccharide, iduronosyl "-f N-acetylglucosaminyl(6-0-sulfate) -+ glucuronosyl-+ anhydromannose (6-0-sulfate) (where the anhydromannose corresponds to an N-sulfated glucosamine unit in the intact polysaccharide chain), was obtained in significant quantity from the high affinity fraction. Since this tetrasaccharide was practically absent from the deamination products of the low affinity fraction, it was considered to represent the critical site responsible for anticoagulant activity.
In a different approach, Lindahl et al. subjected unfractionated heparin to partial deamination with nitrous acid and then separated the products (which thus contained intact N-sulfate groups) by affinity chromatography on immobilized antithrombin. A high affinity fraction was isolated; it was composed of about 12 monosaccharide units and contained the tetrasaccharide sequence implicated by Rosenberg et al. as an integral component (8) . More recent evidence showed that this material could be fractionated by gel chromatography into a series of oligosaccharides, an octasaccharide being the smallest species present in significant amounts (9) . The structure of this octasaccharide (9, 10) is shown in Fig. 1 ; the specific tetrasaccharide sequence occupies one-half of the molecule, with the nonsulfated iduronic acid unit at the nonreducing terminus. It is obvious that any component essential to antithrombin binding, located in the region 5 to 8, would escape detection by the procedure of Rosenberg et al. (8) .
Little is known of the functional role of the various structures in the antithrombin-binding region of the heparin molecule. Components not essential to the interaction with antithrombin may be recognized simply as structural variants (i.e. residues present in some high affinity sequences but not in others), such as the 6-sulfate group at position 4 (10) . On the other hand, any component that is unique to (and invariably present in) the antithrombin-binding region would presumably be essential to its function; such a component, a 3-sulfate group at position 4 ( Fig. l) , has indeed been identified recently (10) . However, the inherent difficulties in functional evaluations of this kind are illustrated by the following observations. The constant occurrence of nonsulfated iduronic acid in nonreducing terminal position of the antithrombin-binding octasaccharide (9) , and the lower concentrations of this sugar in heparin molecules that lack high affinity for antithrombin (7, 8) , suggested that nonsulfated iduronic acid is somehow essential to anticoagulant activity. Unexpectedly, the heptasaccharide obtained on digesting the octasaccharide with a-Liduronidase retained high affinity for antithrombin, indicating that the nonsulfated iduronic acid is itself not essential to the interaction with the protein. ' In the present investigation, the role of N-sulfate groups has been defined on the molecular level. The N-substituents of the glucosamine residues in heparin are of two kinds, acetyl and sulfate groups (23, 24). The importance of the N-sulfate groups to the anticoagulant activity of the polysaccharide has been well established in previous studies (20) (21) (22) 25) . Removal of N-sulfate groups thus results in a loss of anticoagulant activity that is restored by resulfation but not by acetylation of the exposed free amino groups.:' The present results demonstrate that high affinity binding of heparin to antithrombin requires that 2 consecutive glucosamine residues, corresponding to positions 4 and 6 of the antithrombin-binding sequence (Fig. l) , are both N-sulfated. Loss of the N-sulfate group at position 4 resulted in a drastic decrease in binding affinity. NDesulfation a t position 6 produced an appreciable, but less pronounced, weakening of the interaction. The most plausible interpretation of these findings is that both N-sulfate groups bind specific ligands on the antithrombin molecule, The contribution of nonspecific charge effects would seem to be of little importance, also for the N-sulfate group a t position 6, since the decrease in binding affinity on N-desulfation was not even partially reversed by N-acetylation of the resulting positively charged amino groups. Moreover, intact antithrombinbinding octasaccharide displays charge heterogeneity due to ' L. Thunberg, G. Backstrom, U. Lindahl, and L. H. Rome, unpub- lished observation. This is in contrast to the interaction between heparin and lipoprotein lipase, that can be restored (after partial N-desulfation) not only by re-N-sulfation but also by N-acetylation of the polysaccharide (26).
variations in 6-sulfation that is not reflected by any corresponding variation in affinity for antithrombin (10) .
Defining the roles of the two essential N-sulfate groups helps to explain why no high affinity antithrombin-binding fragments smaller than octasaccharide were isolated after partial deaminative cleavage of heparin (9) . Formation of a hexasaccharide would involve cleavage of the glucosaminidic bond between positions 6 and 7, along with loss of the Nsulfate group a t position 6 . Such a hexasaccharide would still contain the tetrasaccharide sequence (extending from position 1 to position 4) proposed by Rosenberg and Lam (7) to represent the critical site responsible for high affinity binding of heparin to antithrombin.
However, the present results demonstrate that sequences having N-sulfate at position 4 only can show at most (all other structural requirements being fulfilled) medium affinity for antithrombin; indeed, the medium affinity fraction isolated after partial deamination of heparin contained significant amounts of hexasaccharide (9) . Heparin with medium affinity for antithrombin, prepared by affinity chromatography on antithrombin-Sepharose, with "Hlabeled medium affinity fraction as internal standard (not shown), had an anticoagulant activity of 165 British Pharmacopoeia units/mg; the activity of high affinity heparin (prepared in an analogous manner) was 280 British Pharmacopoeia units/mg. The heparin fraction studied by Rosenberg and Lam was selected for by its very high affinity for antithrombin ( 7 ) and should thus contain antithrombin-binding sequences with N-sulfate groups both at position 4 and at position 6. 
